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The tunnel ionization of atoms, diatomic and triatomic molecules using intense 10.6 mu m radiation T D G Walsh, F A Ilkov, J E Decker et al. In 1964 Keldysh introduced the adiabaticity parameter y = " a F (U, F are the laser's frequency and electric field strength, E, the ionization potential in atomic units) which conditionally divides ionization processes into hvo types: multiphoton ionization (MPI) where y > 1, and tunnel ionization (TI) where y << 1. More exactly, the process of ionization is separated into three parts with a vaguely defined intermediate part where y -1. For a particular atom, E,, and laser frequency, U , the advancement from multiphoton (y > 1) to tunnel (y << 1) regimes of ionization is only possible by increasing the laser field strength, F . Lasers operating in the 10-8-10-9 s .time scales permit the observation of processes which proceed with a rate slower than 108-109 s-'. Therefore, for Nd:YAG or Nd:glass lasers, increasing the laser energy in order to attain the tunnel ionization regime leads to saturation of the ionization process before tunnelling is realized. For CO, laser radiation (10.6 gm) the intensity required to attain tunnel ionization in atoms is 100 times smaller than that for a Nd:YAG laser (1.06 gm). Thus, among nanosecond pulse duration lasers, the observation of tunnel ionization was possible exclusively in the CO, laser region of the infrared, such as in the experiments of Chin er al (1985) and Yergeau er al (1987) .
Progress in ultrashort-pulse lasers has provided the capability of attaining high enough laser intensities that it is possible to observe tunnel ionization in the nearinfrared spectral range, before the ionization process reaches saturation. For this reason, tunnel ionization of atoms by intense laser pulses has recently been the subject of frequent discussions by Ammosov el a1 (1986), Augst el a1 (1989, iwi) , Don et a1 (1990) , Gibson et a1 (1990) and Shakeshaft et a1 (1990) . The spectrum of interpretations of experimental results obtained by ultrashort laser pulses is extremely wide: from the observation of pure multiphoton ionization in the tunnelling regime by Lompre et a1 (1976) to the observation of tunnel ionization in the multiphoton regime by Gibson et a1 (1990) . This is in sharp contradiction with the accepted division of ionization processes into tunnelling and multiphoton regimes, and demands additional experimental investigation into the tunnel ionization regime and careful analysis of existing experimental results with a common point of view.
In this paper we report new experimental results of the ionization of mercury atoms by CO, laser radiation. The range of the adiabaticity parameter in these experiments is y = 0.27-0.34. In the interpretation and comparison of our results with theory, we analyse some existing 'Keldysh-like' theories for the purpose of defining the tunnel ionization regime under more precise limiting values of y and the laser field F , than y << 1 and F < Fat (where Fat is the atomic field). Finally we discuss the results of both our experiment and previous experiments devoted to tunnel ionization of a t o m in ground states, with respect to this definition.
All the analyses and discussions in this paper are based on structureless atom approximation. In other words any possible role of resonance effects was ignored. There are compelling reasons for which this approximation is reasonable in the lowfrequency regime restricted by the conditions (U, = F2/4w2 is the 'wiggle' or ponderomotive energy of the electron in atomic units). That is, in the tunnelling regime the ponderomotive energy exceeds the electron binding energy which in turn is much higher than the photon energy U , > Eo >> w . It is unlikely that in this regime resonance effects play a role. It is known (Mainfray and Manus 1984) that with decreasing laser frequency and increasing intensity the relative role of intermediate resonances becomes smaller because of the non-linearity of resonances and the laser-induced width of electron states becomes larger. Moreover, at huge 'wiggle' energy Up > E,, the effective time of momentary resonance with an integer number of photons is very small. The strong-field atomic ionization regime in which resonance effects are important is the ATI regime: E,, > U , > w . This regime was recently reviewed by Freeman and Bucksbaum (1991) with an emphasis on the division of different ionization regimes and a discussion of some of the difficulties of ionization problems in the ATI regime. We will be interested in the tunnelling regime in which most of the above-mentioned complications are insignificant. In addition, integral characteristics such as ion yield in strong radiation fields are not sensitive to the structure of complex atoms as was shown by the recent experiments, even in the visible (Perry er a1 1988) and in the w (Gibson el a1 1990) spectral ranges, where y 5 1. In these works formulae which ignored any atomic structure satisfactorily described the experimental results. One can expect that for infrared tunnel ionization at y < 1 the complexity of atomic structure should be even less significant.
Defining the tunnelling regime of ionization
As is well known (Delone and Krainov 1985) , the calculation of the atomic ionization rate reduces to averaging the rate in a constant field over a period of the external field in the low-frequency limit case of an alternating electromagnetic field, namely w << wt. where ut = l /~, and where T, is the tunnelling time (Keldysh 1964). Using the results of Perelomov et a1 (1966) and Perelomov and Popov (1967) let us write the formula for the tunnel ionization rate for linearly polarized radiation in the following form (in au):
where Fa = ( 2 E 0 ) 3 / 2 , n = Z(2E0)-1/z, E,, is the electron binding energy, Z is the charge of the resulting ion (or atomic residue) and F is the amplitude of the external field, and I and m are orbital and magnetic quantum numbers. The factor (3F/sFO)'/' appears from averaging over a period of the field, and (2FO/F)*" is a factor which takes into account the Coulomb interaction (Perelomov and Popov 1967)t. The rest represents the tunnel ionization rate for a short-range potential For an arbitraly atom we can adapt this formula by replacing the principal quantum number of the hydrogen atom n by the effective quantum number n* = n -6,, where 6, is the quantum defect 6, = n -(2Eo)-'I2, which in the first approximation depends only on 1, and not on n (Condon and Shortly 1935) . For the same reason, we will replace 1 by the effective orbital quantum number I' = I -6, = no* -1 (Simons 1971, Rapoport et a1 1978) where no* is the effective principal quantum number of the lowest state for a given orbital quantum number. In order to avoid the difficulty of performing factorials of non-integer numbers in (3), we apply the asymptotic Stirling formula and gett t In the general case of arbitrary polarization, f , this factor is more complicated, namely [2FoC(y, r)]/F2" where C ( 7 , c) is a wmplex function of 7 and 6 , which is numerically calculated by Perelomov and Popov (1967) . For the case y 0: 1 and linear polarization, C(7, e ) = 1.
$ The expression for IC,.,. l2 given by (20) in Ammosov et al (1986) contains an inaccuracy which is corrected in (4). For n ' > I' equation (4) reduces lo I C , . Iz = ( 2 n n * ) -' ( 2 e / n * ) 2 " * , which coincides with the expression for IC,. l2 for which the derivation in Ammasov er al (1986) is performed using the quasiclassical approximation for n ' > 1. As mentioned above, these low-frequency asymptotic formulae are correct only in the tunnelling limit when the adiabaticity parameter y = w m / F is much smaller than 1 ( y << 1). From a practical point of view, the question arises as to how much smaller than unity y should be in order that the above approximation is valid and the above formulae may be used. It would be convenient to have definite numerical values for y, not just y << 1, under which the aforementioned formulae could be applied. One of the ways to define this criierion is Io compare the ionization-rate dependence on field strength obtained by the general formula (without making any assumptions about the value of y) with a similar dependence obtained using asymptotic formulae (Delone et al 1982) . In this way, values of y may be defined for which these formulae coincide and those for which they diverge.
The expression from Perelomov et al(1966) is taken as a possible general formula. where
The symbols for two reasons. Firstly, these theories in the low-frequency, high-intensity limit (w/E,, < 1, F / F , >> w / 2 E , ) predict the same exponential dependence for the ionization rate as (2); however, the pre-exponential factor is not corrected for the Coulomb potential. Secondly, these theories were discussed and compared with experiment in the work of Augst et al(1991). These authors came to the conclusion that the species-dependent tunnei-ionization modei deveioped by h o s o v et ai ji9S6j, which uses (2) as its basis, gives better agreement over the entire range of rare gases and charge states. Figure 1 shows the ionization rates calculated for CO, laser radiation at 10.6 p n and the ground s-states of caesium, magnesium, mercury, hydrogen and helium atoms using the general formula (8). The broken curves correspond to the calculation using LK r u r~u c~~u~g Lwnluril 1 1 ) 111 ihe liiiiii y Q i. ii is s e n ihai for y 5 0.5 ihe tunnelling formula (7) coincides with the general formula (8) for all of these atomst. From the following examples it becomes clear how important the exact definition of y is in order to correctly choose the appropriate formula (general or tunnelling) for a calculation of the ionization rate and its comparison with experimental data. For y -0.55 the ionization probabilities calculated from (7) and (8) differ by less than
differ by four orders of magnitude, for mercury by six, and for hydrogen they differ by more than ten orders of magnitude. It is thus evident that for y > 0. to use the general formula (8) for the calculation of the ionization rate instead of the tunnelling formula (7). As a result, y -0.5 is taken as the critical value for which the tunnelling formulae are valid. If y < 0.5 the tunnelling formula (7) may be used and the process will be referred to as tunnel ionization.
Flgure 1. Plot of the calculated ionization rate YCISUS laser field intensity for indicated pound state atoms on a log-log scale at A = 10.6 pm. Calculations using (7) in the limit 7 < 1 are represented by broken cuwes; those using the general formula (8) by full E U I V~S . The range of y values for each atom is also included.
It should be mentioned that for experiments to date, only relatively high values of the ionization rate can be measured. In standard ionization experiments using lowpressure gases ( N o < 10" " ) and focused laser beams (FOcd -lod6 cm3) the lower limit of the total ionization probability which one can measure is W - (Yergeau et a1 1987) . For lasers with a pulse duration of 1 IIS, the lower limit of the measurable ionization rate is w 2 lo4 s-l. For shorter laser pulses, this limit moves closer to 2 lo' SKI. The lower limit of the measured ionization rate was about 10' s-l in the experiments performed by Augst et al (1991) and Gibson et al (1990) . We are consequently interested in the upper regions of the curves in figure 1. In moving up the curves towards higher laser intensity there are two restrictions. Firstly, the condition F Fo, namely that the laser field should be much less than some characteristic field, Fo t,
t Recall that the general definition of the atomic field Fa, is the internal field of the atomic system of charged particles connected by the Coulomb interaction, so that Fat = Z 3 / & (Bethe and Salpeter 1957 For 10.6 pm radiation this area is a large one and involves all atoms. In the case of alkaline atoms, however, the area becomes small, and for caesium it becomes almost a point. For 1.06 pm radiation this area is very small and exists only for atoms whose ionization potentials are greater than that of argon. One can thus conclude that under the conditions F < PBsI, and y < 0.5 tunnel ionization of all atom can exist oniy for infrared radiation, parucuiariy that o f the CO, iaser. For visible and w radiation, even if y < 0.5, the ionization process is in the realm of BSI since F > F,,,. Accordingly, we define tunnel ionization as the process which simultaneously satisfies the following two conditions (in au): These may be combined into conditions for the laser field (in au):
and intensity (for linear polarization) Now that the boundaries for the tunnel ionization regime have been defined, we can apply the asymptotic tunnelling formula (7) to calculate the ionization rate for This is shown in figure 3 for CO, laser radiation. Calculations for potassium and helium atoms are also included for comparison. The extreme right vertical lines mark the atomic field Fa, = n*-4 for each atom. The central lines indicate the barrier supression field Fssr = 1/16n*4. For potassium, the tunnel ionization field FT, = 2w/n' is indicated on the left dividing the area into regions of y < 0.5 and which (7) is valid. Broken portions of the curves represent the formal continuation of this formula to F > O.lFo and F < FTI. One can see from figure 3 that for the potassium atom the region of validity of the tunnelling regime is rather restricted, whereas for mercury, 'tunnel ionization' is attained at any experimentally realizable field strength for ,Ico2 = 10.6 pm. 
Experiment
Observation of the ionization of mercury in the tunnelling regime is presented as an example. The experimental apparatus is described in Decker et a [ (1991a, 1991b) . Briefly, the laser system consists of a CO, laser oscillator producing singlelongitudinal, single-transverse mode pulses at 10.6 pm which are cut to a pulse duration of 3 ns by a Pockel's cell arrangement. The short pulse then undergoes amplification in two stages separated by spatial filtering. The laser beam is focused to a radius of 33.8+0.9 pm by an NaCl lens of 10 cm focal length within the vacuum chamber. The spatial distribution of the laser beam is Gaussian. The base pressure of the vacuum chamber is 2 x lo-' Torr. Intensities of up to 6.7 x 10" W c n r 2 are achieved in the interaction region. Ions are extracted using a static electric field, discriminated by a time-of-flight mass spectrometer and detected by an electron multiplier tube. The mass spectrometer has a detection sensitivity of a few ions. The minimum total probability possible to observe with our experimental apparatus is estimated at W -The appearance intensity is defined as the laser intensity at which a minimum ion signal is observed. The appearance intensity for mercury is 4.8 x 10l2 W c n r 2 , which corresponds to an ionization rate of w lo4 s-l. In the present experiment, the range of the adiabaticity parameter is 0.27 < y < 0.34.
Experimental results fitted with a broken curve are plotted in coordinates of ionization rate versus laser intensity along with the rate calculation using (7) (full curve) in figure 4. The experimental points were plotted in these coordinates in the following manner. The minimum ionization rate is estimated from the experimental conditions and plotted against the appearance intensity. Ensuing experimental points follow relative to this first point. The ionization rate calculation using (7) is plotted as a full curve against the same coordinates. This comparison of the calculated curve to the experimental data is reasonable because an uncertainty of 30% in the laser intensity corresponds to a change in the ionization rate of 2-3 orders of magnitude. The calculated appearance intensity differs from the intensity at which the minimum ionization rate is observed by only 30% ( I $ = 1.3I;;P). The uncertainty in our intensity measurement is about 35%. Furthermore, both curves have the same slope.
The agreement between the experimental results and the calculation using (7) appears to be quite good.
Discussion
Experimental results of the ionization of mercury by intense CO, laser radiation, and previous results of similarly ionized rare gases and alkaline atoms by Chin et a1 (1985) , Yergeau et a1 (1987), Xiong et a1 (1988) , and Xiong and Chin (1991a, b) permit us to conclude that the tunnel ionization regime was realized in all cases when experiments were performed under conditions such that y < 0.5 and F < F,,,. This is confirmed by two facts. Firstly, the absolute value of the experimentally measured ionization rate is in good agreement with the theoretical calculation using tunnelling formulae (5)-(7) within experimental error. Secondly, the slopes of the experimental log Nfiog I curves are in excellent agreement with the theoretical one assuming the tunnelling regime of ionization. The slope of the experimentally measured log-log plot for mercury is -13 whereas the minimum number of photons required for multiphoton ionization is K,, = ( E o / b + 1) = 90. In the experiments of Yergeau et a1 (1987) on rare gases, the slopes fall into the range 11-15, whereas no Y 100-200.
The situation becomes more complicated for near-infrared radiation at 1.06 pm. For a rather large number of experiments performed under conditions such that y < 0.5, such as those of Lompre et a1 (1976) , Boreham and Luther-Davies (1979) , Baldwin and Hughes (1981) , Baldwin and Boreham (1981) , L'Huillier et a1 (1983) and Augst et a1 (1991) , it is sometimes difficult to draw conclusions. For example, in the experiments of Lompre et a1 (1976) and L'Huillier et a1 (1983) , the slope of the log Nbog I plot was observed to be equal to K~ using 30 and 50 ps laser pulses.
This insinuates ionization in the multiphoton regime despite the fact that y < 0.5.
Under the multiphoton ionization regime, one usually refers to processes for which perturbation theory is applicable, and which are described in terms of the generalized cross section uxo (w = U~~I "~) .
The standard statement that no-photon ionization within lowest-order perturbation theory (LOFT) should exhibit a slope of K,, usually implies the criterion for the separation of field strengths into the range where LOPT is applicable and that for which it breaks down. Obviously, the critical field for the breakdown of MFT, FLOPT, depends on the atomic ionization potential Eo and the laser frequency w. However, the combination of these values w&/FLop; = y remains roughly constant at y = 5, as shown by the analysis performed by Ilkov (1982) . From non-perturbative calculations for hydrogen by Potvliege and Shakeshaft (1989) , and for xenon by Kulander (1988) , one can deduce approximately the same value of y y 5 as the value at which the deviation of the ionization rate from the MPT takes place. Graphically one can see it in figure 5. The full curve represents the calculation of the ionization rate for helium using (8), the broken curve represents the tunnelling rate (7), and the chain curve is the LOFT prediction for the rate of multiphoton ionization. One can see three different regions. The first is for y 2 5 , where the rate of ionization processes is described by LOPT, and which is commonly referred to as the multiphoton ionization regime. The region for which y 5 0.5 is described by tunnel ionization formulae such as (6) and (7), and will be referred to as the tunnelling regime (until F < FBs,). In the intermediate region 0.5 5 y 5 5, LOPT already breaks down, but the tunnelling description does not yet work, so that the ionization rate cannot be estimated by using simple formulae as in the two former cases. In the literature, this region is usually referred to as strong-field multiphoton ionizationt. Note that in this region (8) can be used as a guide to show the general tendency of ionization rate between two asymptotic limits.
In fact, the region y -1 is a complicated ionization problem (Mainfray and Manus 1991) and should be considered on a case by case basis. In what follows, we compare experimental results at y < 1 with the tunnelling (7).
For clarity, let us consider some experimental results for the ionization of helium in more detail. The helium atom is chosen because the conditions y < 0.5 and F < FBs, (or FT, < F < F,,,) are satisfied for a relatively large experimental range of 1.06 p m laser field in the experiments of Boreham and LutherDavies (1979) . Boreham and Hughes (1981) In figure 5 experimental results of the ionization of helium at y < 0. (1983) . These differences between theoretical predictions and the two experimental results just mentioned are indeed interesting and deserve further scrutiny.
The two short curves of figure 5 (extending from the star and the full square)
correspond to the smallest y -0.1. The one to the right of the theoretical 'tunnelling' curve is the experimental result of Augst et a1 (1991) (1.06 pm; full square), the one to the left is the experimental result of Yergeau er a1 (1987) (10.6 pm; star). The slopes of both of them are in excellent agreement with the calculation using the 'tunnelling' formula (7)t. An interesting detail is that these two experimentally determined curves fall equidistant from the theoretical one on either side. In order to fit the theoretical curve with the experimental data from Augst er al (1991), the theoretical curve must be shifted by a factor of about 2 towards higher intensity. In order to fit the experimental results of Yergeau er a1 (1987), the theoretical curve would have to be shifted by the same factor, except towards lower intensity. It seems to us that the difference in the experimental results of Yergeau et a1 (1987) and Augst et a1 (1991) arises not only because of the different wavelengths used in the experiments, but also because of the different laser pulse durations, about 1 ns for the CO, laser, and about 1 ps for the Nd:glass laser. We are thus inclined to believe that the majority of the above-mentioned facts regarding the ionization of helium by 1.06 p m laser pulses under the condition y < 0.5 confirms ionization in the tunnelling rather than in the multiphoton regime. Finally we would like to briefly comment on the results of Gibson er a1 (1990) in which data on the appearance intensities of rare gas atoms and ions by 500 fs, 0.248 p m laser pulses are presented in the context of models involving tunnel ionization. In the intensity range 10'3-1016 W c m 2 the y parameter ranges from about 1 to 8. The number of photons required for the ionization of helium is K,, = 5 and for xenon K,, = 3. By comparing the experimental data of the threshold intensities with the predictions of BSI, Keldysh, and tunnelling formulae such as (7), the authors found agreement with the prediction of the tunnelling formulae, especially for heavy rare gas atoms. This observation was hypothesized as the occurrence of tunnel ionization in the multiphoton regime.
In figure 5 experimental data for helium (y -2) from Gibson et aI (1990) are shown represented by the open triangle. Indeed it lies very close to the tunnelling curve and much closer than the experimental data obtained at y -0.1. However, to make a conclusion from this is perhaps premature since the tunnelling formula is valid only in the low-frequency, adiabatic limit (y < 1) and is obtained assuming the static-field limit approximation. This condition is not satisfied by the experimental conditions of Gibson et a1 (1990) . One of the possible interpretations of these experimental results could be the observation of a reduction of the multiphoton ionization rate, which could mean that they were working in the intermediate regime between multiphoton ionization and tunnelling.
In the work of Gibson et a1 (1990) , multiple-charged ion production in rare gases was investigated and compared with theory. According to the inequalities (9)-(11), at a wavelength of 0.248 pm, the creation of ions of any charge, for all rare gases, does not occur within the tunnel ionization regime as defined above.
Conclusion
Based on the analysis of some 'Keldysh-like' theories, we are able to propose a more pragmatic definition of ionization in the tunnelling regime, namely, y < 0.5 and F < F,,,. These conditions are used to analyse and to classify various atomic ionization experiments using intense lasers, including a new one on mercury ionized by a CO, laser which was performed in our laboratory. This analysis shows that it is possible to realize the tunnel ionization regime for all atoms at 10.6 pm, and for atoms whose ionization potential is greater than E, = 16 eV (namely helium and neon) at 1.06 pm. For other atoms and 1.06 pm radiation, even if y < 0.5 the ionization process occurs as barrier-suppression ionization rather than tunnelling as in the experiments of Augst et a1 (1991) . For visible and w radiation the tunnelling regime does not exist for any atom.
We do not examine multiple ionization in this paper, although the inequalities (9)-(11) permit us to conclude that for all rare gas ions (except for the first three charge states of xenon) it is possible to create the tunnel ionization regime at 1.06 wm, however, at 0.53 pm, tunnelling may be realized only for helium and neon ions. The tunnel ionization regime cannot exist for the ionization of any raregas ion with laser radiation at wavelengths shorter than 0.3 pm.
For atoms and ions for which the tunnel ionization regime does not exist at any given laser frequency, increasing the laser intensity changes the character of the ionization process from the multiphoton regime (y 2 S), through an intermediate one (0.5 < y < 5). to the barrier-suppression regime ( F > FBSO without passing through the tunnelling regime (y 5 0.5; F < FBs,). As follows from the numerical calculations of Kulander (1987) and Shakeshaft et al (1990) , at laser field strengths exceeding F,,,, the ionization rate increases monotonically, without sharp increases. This is illustrated in figure 5 by full triangles, which represent the calculated ionization rate for helium at 1.06 pm, from Kulander (1987) . The first arrow indicates the onset of the BSI regime, the second indicates the field value of 0.1 times the atomic field.
The fact that numerical calculations performed by Kulander (1987) coincide with the predictions of the tunnelling (Y << 1) formulae (5)-(7) (within a factor of two), allows us to conclude that these formulae give correct values for the ionization rate, even in the BSI regime, up until the formal limit (O.lFat) of its application.
Finally, we emphasize that our analysis and discussion has been devoted to groundstate atoms and ions. Experimental investigation and theoretical analysis of tunnel ionization of excited atoms is performed in the work of Sauer et a1 (1992) . In the case of excited atoms, the lowest critical field for barrier-suppression ionization (F, = 1/7.7n4) is about two times higher than that which we took into account (F,,, = 1/16n4), hut the onset of tunnelling was found at y -0.3 (Koch 1991) which is rather close to our definition.
